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The elastic coupling between plastic events is generally invoked to interpret plastic properties
and failure of amorphous soft glassy materials. We report an experiment where the emergence of a
self-organized plastic flow is observed well before the failure. For this we impose an homogeneous
stress on a granular material, and measure local deformations for very small strain increments using
a light scattering setup. We observe a non-homogeneous strain that appears as transient bands of
mesoscopic size and well defined orientation, different from the angle of the macroscopic frictional
shear band that appears at failure. The presence and the orientation of those micro-bands may be
understood by considering how localized plastic reorganizations redistribute stresses in a surrounding
continuous elastic medium. We characterize the lengthscale and persistence of the structure. The
presence of plastic events and the mesostructure of the plastic flow are compared to numerical
simulations.
PACS numbers: 83.50.-v,62.20.M-,83.80.Fg,62.20.F-
Amorphous materials have intermediate mechanical
properties between solids and liquids. At low stress, they
behave as elastic solids, but deform plastically and flow
when the stress increases. These generic behaviors, ob-
served in many different systems such as concentrated
emulsions [1], colloidal systems [2], foams [3] or molec-
ular glasses [4] with apparently universal plastic or rhe-
ological laws [5, 6], suggest that such materials may be
described using a common framework [1, 7, 8]. At the
center of those descriptions is the hypothesis of localized
reorganizations. Such events have been observed in many
different studies [3, 4, 9, 10]. Each event modifies locally
the mechanical equilibrium, causing the surrounding ma-
terial to deform, and creating internal stresses. These
stresses may then provoke other events, leading to a suc-
cession or avalanche of events [11, 12]. The coupling be-
tween events, and its relevance to an avalanche-like cas-
cade scenario for the description of the final persistent
shear-band is still an open question [12, 13].
Several experimental works show isolated reorganiza-
tions followed by localized flow structures, suggesting the
existence of such coupling. Conclusions remain elusive in
direct observation of colloidal glasses due to the domi-
nance of thermal activity over the triggered events [9].
In athermal systems such as granular materials [10] or
foams [3], the steps between accumulation of individual
events and appearance of shear bands remain unclear.
Very recent numerical and theoretical results suggest that
reorganization events may indeed couple in order to pro-
duce bands [12, 14–17, 25]. However, the bands observed
numerically resulting from the interacting local events are
transient and correspond to self-healing micro-cracks, of
a different nature than the final persistent shear-bands.
To our knowledge such transient micro-bands forming a
clear intermittent structure have never been reported ex-
perimentally.
We present in this letter the first direct experimental
evidence showing the progressive emergence of coopera-
tive effects during plastic deformations of an amorphous
material. For this, we use a very sensitive light scattering
setup to monitor the homogeneous biaxial compression of
a granular material. We then show that the plastic flow
at the early stage of the loading of a granular material is
concentrated along self-healing micro-bands. The orien-
tation of those transient micro-bands are clearly differ-
ent from the Mohr-Coulomb angle of the final permanent
shear band. We show that the orientations of those mi-
crobands are given by the Eshelby solution [18] for the
long-range stress redistribution induced by local plastic
reorganizations in an elastic material. We also show that
the transient micro-bands are more prominent as the rup-
ture is approached.
–Experimental setup. We deform an assembly of glass
spheres by imposing a homogeneous stress with a biax-
ial apparatus. We recall here the main features of the
setup described extensively elsewhere [19]: The material
(glass beads, diameter d = 90 ± 20µm, volume fraction
≈ 0.60) is placed between a preformed latex membrane
(size 85 × 55 × 25 mm) and a glass plate. A pump pro-
duces a partial vacuum inside the membrane, creating
a confining stress −σxx. The confined sample is posi-
tioned on a metallic structure (in light grey on Fig. 1(a)).
The glass plate is not represented on Fig. 1(a) and is at
the front. The back metallic plate and the front glass
plate forbid displacement normal to the xy plane, ensur-
ing plane-strain conditions. The bottom of the sample
rests on a fixed plate, while the upper plate (dark grey)
is displaced by a step motor. The stress on the moving
plate is −σyy = −σxx + F/S, where F is the force mea-
sured by a sensor fixed to the plate, and S the section
of the sample. Although there is probably some solid
friction between the granular material and the plates, we
do not observe noticeable differences of deformation be-
tween the upper and lower part of the sample. The stress
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2FIG. 1. (a) Schematic representation of the biaxial setup. The
granular material is enclosed between a latex membrane and
a glass plate (not represented here). A partial vacuum inside
the membrane creates a confining stress −σxx. The sample
is compressed at fixed velocity along the y axis through a
moving plate (upper plate, dark grey). The light grey back
plate as well as the glass plate at the front forbid displace-
ments along the z direction ensuring plane-strain conditions.
For compression, −σxx,−σyy > 0. (b) A map of correlation
gI(, r) with colorscale. The dashed area of side l ' 270d is
the region of interest for the spatial correlation calculation.
gradient due to gravity is negligible, and the value of con-
fining stress is such that cohesion effects and crushing of
particles are unimportant. The global macroscopic defor-
mation is calculated as  = −yy = δ/L with δ the upper
plate displacement and L the sample height (see left inset
of Fig. 2(a)). The compressions are done at fixed defor-
mation rate d/dt = 1.1× 10−5s−1. We checked that we
were in the quasistatic limit.
Strain heterogeneities are observed using a dynamic
light scattering setup [20]. An expanded 532 nm laser
beam illuminates the material. Because of the coher-
ence of the light source, interferences occur and a speckle
pattern forms. The image of the front side of the sam-
ple is recorded by a 7360 × 4912 camera. Two different
speckle images are compared using a correlation method
explained elsewhere [20]. Images are subdivided in square
zones, and for each zone we calculate the normalized cor-
relation function
g
(1,2)
I =
〈I1I2〉 − 〈I1〉〈I2〉√
〈I21 〉 − 〈I1〉2
√
〈I22 〉 − 〈I2〉2
(1)
where I1 and I2 are the intensity matrices of a same
zone in two different images, and 〈. . .〉 indicates the av-
erage over the zone. Each zone becomes a pixel in a
correlation map (see Fig. 1(b) and movie in supplemen-
tal material [21]), corresponding to a volume of surface
∼ 2.1d × 2.1d in the x − y plane and of depth of few d.
The decorrelation of the scattered light comes from rel-
ative bead motions. We thus measure a combination of
affine and nonaffine bead displacements, and rotation of
non-spherical beads. In the following we present maps
based on images made at sample deformations  and
+ 3.2× 10−5, and we note gI(, r) the value of the nor-
malized correlation at compression  and at position r
(see Fig. 1(b)).
FIG. 2. (a) Applied stresses difference versus deformation
(−σxx = 30 kPa). Insets: left, notations; right: maps of
gI(, r) before failure ( = −yy = 0.91%) and after failure
( = 5.82 %). (b) Zoom of the region of interest of the defor-
mation map before failure ( = 3.30 %) showing the mesoscale
strain heterogeneities. (c) Correlation function Ψ(0)(, r) of gI
at  = 3.30% showing the plastic flow structure in a square of
size l ' 270d in the r plane.
–Plastic flow structure. Fig. 2(a) shows the evolution
of the stress difference σxx−σyy as a function of the defor-
mation . At the beginning of the loading, σxx − σyy in-
creases with , and then attains a plateau, consistent with
numerous preceding studies, where a granular material
was prepared near the critical state volume fraction [22].
The stress plateau at c = 4.66% corresponds to the
failure of the sample, confirmed by the correlation map
shown in Fig. 2(a) (rightmost inset). The deformation is
dominated by two symmetric shear bands where gI(, r)
is low, corresponding to highly localized deformation.
The inclination of the bands is θ ' 65◦, in agreement
with a Mohr-Coulomb analysis θMC = 45 + ϕc/2 ' 63◦
for a frictional material, with ϕc the internal friction an-
gle [23]. ϕc = arcsin[(σyy − σxx)/(σyy + σxx)] at failure
( = c). Those bands are permanent in the sense that
they do not evolve with  once they appear (see movie in
supplemental material [21].
Fig. 2(b) shows a map of deformation before failure.
The deformation is strongly heterogeneous with a com-
plicated fine structure at small scale. In contrast with
3the permanent shear bands observed after failure, this
deformation pattern fluctuates strongly during the load-
ing (see movie in supplemental material [21]). To in-
vestigate the spatial structure and intermittency of the
plastic flow, we consider the spatial correlation function
of g′I ≡ 1− gI :
Ψ(∆)(,r) = 〈g′I(+ ∆/2, r′)g′I(−∆/2, r + r′)〉
− 〈g′I(+ ∆/2, r′)〉 〈g′I(−∆/2, r + r′)〉 (2)
where 〈. . .〉 is an average over 100 correlation maps, i.e.
a deformation of 3.2×10−3, and over r′, for r′ and r + r′
covering the region of interest on Fig. 1(b). Fig. 2(c)
shows a plot of Ψ(0)(, r). Along two symmetric direc-
tions θ = ±θE with θE ≈ 53◦ the correlation decays
slowly with r (see fig.4.(a)). The direction of anisotropy
θE is almost constant during the loading, and is clearly
different from θMC .
FIG. 3. (a) Schematic representation of a local plastic event
specifying the tensors e∗ (linked to the deformation of the
inclusion) and σ˜ (stress redistribution in the surrounding
medium due to the plastic event). (b) Angular distribution
of σ˜xx − σ˜yy ∝ f(θ) in the case of an isovolumic transfor-
mation of the inclusion (ν = 0.33). (c) Boundary conditions
of the numerical simulations. (d) Example of a deformation
map from numerical simulation displaying a local event and
micro-bands. (e) Synthetic local reorganization obtained nu-
merically by a modification of the elastic constants of few
grains.
–Localized plastic events. To explain the observed
structure of the plastic flow we first investigate theo-
retically the consequences of a single, isolated reorga-
nization somewhere in the granular material. Consider
a plastic deformation that relaxes stress within a small
volume, but redistributes it in the surrounding material.
We consider that the surrounding region behaves as a
linear elastic material [24], that we will suppose isotropic
with Poisson ratio ν. Eshelby gave an analytical solution
to this 3D problem [18]: Let e∗ be the strain tensor of
the reorganization (see Fig.3(a)). We suppose e∗xy = 0,
i.e., that e∗ is coaxial to the applied stress tensor and
e∗zz = e
∗
xz = e
∗
yz = 0 because of the plane-strain config-
uration, leaving only e∗xx and e
∗
yy as the non-zero strain
components. Far from the rearrangement, the additional
stress originating from the rearrangement in the x-y plane
is σ˜, with σ˜xx − σ˜yy ∝ f(θ), where
f(θ) =(e∗xx − e∗yy)
[
−15
4
cos(4θ) +
8ν − 7
4
]
− 9
2
(e∗xx + e
∗
yy) cos(2θ). (3)
If σ˜xx − σ˜yy > 0 the redistributed stress adds to the
applied stress, increasing strain along those directions.
Its maximum occurs for cos(2θ∗E) =
3
10
e∗yy+e
∗
xx
e∗yy−e∗xx . In
the case of an isovolumic transformation, θ∗E = 45
◦
(mod 90◦). Fig. 3(b) shows f(θ) in this case. For a
local rearrangement in agreement with the macroscopic
deformation of the sample, i.e. e∗xx and e
∗
yy of oppo-
site signs, θ∗E increases (resp. decreases) for a dilating
(resp. contracting) rearrangement, with extremal val-
ues 12 cos
−1(±3/10). The largest possible value for θ∗E is
then 54◦, close to the value of θE ≈ 53◦ of the experi-
ment. This reorganization structure has been shown in
numerical studies of molecular glasses [12, 14] and cellular
foam [3], but the existence of such elastic redistribution
in frictional granular material is still an open question.
Indeed, the existence of an elastic limit for such system
is still a matter of debate [24]. We performed numeri-
cal bidimensional Discrete Element Method simulations
of a biaxial compression test (see Fig. 3(c) for boundary
conditions). Fig. 3(d) shows results from a simulation of
N = 2562 grains, using a visualization method inspired
by the experimental technique: Positions of the grains
are recorded at strain increments of δ = 10−5. Two suc-
cessive system states are compared, and for each grain,
a local strain (average relative change in distance to its
neighbors) is calculated. Those grains whose local strain
is large are dark. We can generate a plastic event in the
simulation by softening a small number of grains in the
sample (see Fig. 3(e)) and we obtain a local deformation
in accordance with the analytical solution of Fig. 3(b).
Fig. 3(d) shows that such local events also occur during
the compression of the granular material.
–Coupling between localized events and plastic flow
structure. Along the directions where σ˜xx − σ˜yy is pos-
itive, the additional stress has the same sign as the ap-
plied stress, possibly triggering new reorganizations. We
therefore expect deformation to be organized in micro-
bands whose orientations are given by the Eshelby so-
4lution. This structure is visible in the numerical exper-
iments where very transient localized lines inclined at
θ ≈ ±45◦ are present (see Fig. 3(d)). The resulting
images display the same phenomenology as the experi-
mental results: well before failure, deformation is con-
centrated in short diagonal micro-bands, (probably sim-
ilar to those reported in other studies [25, 27, 28]), and
at failure, a shear band appears (not shown here). The
agreement between 2D simulation and 3D experiments
supports our plane strain hypothesis.
FIG. 4. (a) Ψ(0) as function of r for  = 2.7%, showing a fast
decay at short distance (r/d . 10) followed by a slow decay.
(b) χ(0)(, r) versus r/d for increasing values of deformations
 = 1.6% (4),  = 2.3% (),  = 3.7% (),  = 4.0% (•),
 = 4.4% (◦). Lines are quadratic fit around maximum. (c)
length ξ/d () and mean amplitude A (◦) (see text) as func-
tions of the deformation . Error bars are given by uncertainly
of the quadratic fit of χ(0) around maximum. The black dot-
ted line indicates the deformation at rupture c ≈ 4.66%.
Plain line is the cooperative length [30] expected from non-
local flow rule of granular material [31]. (d) Relaxation of(
χ(∆)/χ(0)
)
(, ξ()) as a function of the deformation incre-
ment ∆ for ξ( = 3.3%) = 33d (•), ξ( = 4.0%) = 70d ()
and ξ( = 4.4%) = 85d ().
–Spatial and temporal correlations. Coming back to
our experimental data, we focus on the evolution of the
anisotropic part of Ψ(∆)(, r, θ) = Ψ(∆)(, r) during the
loading, which we define as:
χ(∆)(, r) =
1
2
[Ψ(∆)(, r, θE) + Ψ
(∆)(, r,−θE)]
−Ψ(∆)iso (, r) (4)
with Ψ
(∆)
iso (, r) =
1
2pi
∫ 2pi
0
Ψ(∆)(, r, θ)dθ the isotropic
part of Ψ(∆). Fig. 4(b) shows the evolution of χ(0)(, r)
in function of r for different values of . We ob-
serve that the anisotropic part of the correlation func-
tion increases as the loading increases. We consider
a two-fold characterization of χ(0). First the integral
A() =
∫ r=`/2
r=0
χ(0)(, r)dr estimates the strength of the
anisotropy. Second the characteristic distance ξ() at
which the correlation is maximum
(
∂χ(0)/∂r
)(
, ξ()
)
=
0 is computed using a quadratic fit (plain line of fig. 4(b))
of the experimental curves near maximum. Fig. 4(c)
shows that both the integral A and the characteristic
length ξ/d of the anisotropy increase as the loading
progresses toward rupture. Finally, the transient na-
ture of the observed structure can be shown by con-
sidering the scale of deformation at which the plastic
flow persists. For this, we considered the evolution of(
χ(∆)/χ(0)
)
(, ξ()) with ∆ at a given . Fig. 4(d) shows
that close to rupture, for  = 4.4% and ξ( = 4.4%) =
85d, the deformation persists after a deformation incre-
ment ∆ ≈ 0.3%. On the contrary, further from the
failure ( = 3.3%), the deformation decays over a typical
increment of deformation ∆ ≈ 0.02%.
From the structure of the plastic flow, a characteristic
length ξ revealing the cooperativity of the fluctuation of
plastic flow emerges. The values of ξ are in quantitative
agreement with numerical simulations of granular mate-
rial [27] where fluctuations coupled on distance∼ 10−40d
are reported. Theoretically [29] a non-local rule for the
mean plastic flow is expected to emerge from those fluc-
tuations. Such non-local flow rule have been proposed
to describe granular plastic flow [26]. Fig. 4(c) shows
the expected evolution of the cooperativity length [30]
proposed in [31] during the loading. The cooperativity
length of the mean flow is smaller than ξ. This is proba-
bly due to the coarse-graining process described in [29].
–Conclusion. In summary, a careful experimental
study of the plastic flow of an athermal amorphous ma-
terial reveals a mesoscopic structure of the strain since
the early stage of the loading process: deformation con-
centrates in transient short micro-bands of well-defined
orientation. We connect those orientations with the elas-
tic long-range stress redistribution due to localized plas-
tic reorganizations. We show an increasing characteris-
tic length and persistence during the loading. However,
the relationship between these transient micro-bands and
the final permanent frictional shear bands is more com-
plex than the description of a final persistent shear-band
formation as a mere growing cascade of local rearrange-
ments. The final shear band does not arise from a coales-
cence of micro-bands, nor is it initiated by a single micro-
band that reaches the boundary and becomes locked. In-
stead, as the movie in supplemental material [21] shows,
the two types of deformation, oriented in two different di-
rections, coexist near failure. We observe a hierarchical
structure with a mesoscopic pattern embedded in large
scale shear band. The modelization of the final persistent
shear-band needs to describe the complex interaction be-
tween the micro-bands and the larger scale localization.
The careful characterization of the birth of the perma-
nent shear band is a work-in-progress.
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